This paper focuses on periodic motions and chaos relative to the impacting chatter and stick in order to find the origin of noise and vibration in such a gear transmission system. Such periodic motions are predicted analytically through mapping structures, and the corresponding local stability and bifurcation analysis are carried out. The grazing and stick conditions presented in [Luo & O'Connor, 2007 ] are adopted to determine the existence of periodic motions, which cannot be achieved from the local stability analysis. Numerical simulations are performed to illustrate periodic motions and stick motion criteria. Such an investigation may provide some clues to reduce the noise in gear transmission systems.
Introduction
In [Luo & O'Connor, 2007] , the motion mechanism of impacting chatter with stick in the gear transmission dynamical system was discussed. The reduction of noise in such a gear transmission system requires the identification of the existence of periodic motions. Hence, in this paper, periodic motions in such a gear transmission system will be addressed. The early investigation on periodic motions in gear transmission systems can be found in publications in the 1930's. den Hartog and Mikina [1932] gave a solution for symmetric, periodic motion of such a gear system. The used model is a piecewise system without damping. After half a century, Shaw and Holmes [1983] used the mapping technique to investigate periodic motion and stability of a piecewise linear system with a single discontinuity. Natsiavas [1989] investigated the stability and bifurcation of periodic motions in a piecewise linear system with a symmetric trilinear spring. Based on the piecewise linear model, periodic motions for gear transmission systems were extensively investigated in 1990's (e.g. [Comparin & Singh, 1989; Kahraman & Singh, 1990; Rook & Singh, 1995; Theodossiades & Natsiavas, 2000] ). The asymmetric motion of the piecewise linear system with the infinite stiffness was investigated numerically in [Li et al., 1990] . The periodic solutions and bifurcations in the piecewise linear oscillator were further discussed, for which refer to [Klezka et al., 1992] . In recent years, the mapping concepts were extensively adopted to determine the periodic motion in impacting systems (e.g. [Han et al., 1995; Luo, 2002] ). This methodology was also employed to investigate the periodic and chaotic motions of the periodically driven piecewise linear systems (e.g. [Luo & Menon, 2004; Menon & Luo, 2005] ). In [Luo, 2005] , a generalized methodology was given for predicting arbitrary periodic motions of discontinuous systems. A summary of the generalized method for the analytical prediction of complicated periodic motions in discontinuous systems was presented in [Luo, 2006] . Pfeiffer [1984] presented an impact model of gear transmissions, and the theoretical and experimental investigations on regular and chaotic motions in the gear box were carried out in [Karagiannis & Pfeiffer, 1991] . Nordmark [1991] investigated the grazing-induced nonperiodic motion of the impacting oscillator, but only the necessary condition for such a grazing motion in the impacting oscillator was given. Furthermore, the normal form mapping for such grazing phenomena was further developed in [di Bernardo et al., 2001 [di Bernardo et al., , 2002 . To model the gear transmission system, Luo and Chen [2005] proposed a piecewise linear, impacting system to investigate the periodic motion. For such an oscillator, not only the simple periodic motion but also many complicated periodic motions exist. The switching between the two periodic motions causes motion complexity, and the asymmetric periodic motions exhibit the period-doubling bifurcation in such an oscillator. Luo and Chen [2007] used the mapping technique to analytically predict arbitrary periodic motions for such an oscillator. As in [Luo & O'Connor, 2007] , it was stated that the impacting location in the model of Luo and Chen [2007] was fixed and the perfect plastic impact was considered in this piecewise linear model. The separation of two gears occurs at the same location of gear impacts. To improve the modeling of gear transmission systems, the two gears will be considered to be independent, and impacts between the two separated oscillators will be adopted. Based on such a new model, the motion mechanism of the impacting chatter and stick was discussed in [Luo & O'Connor, 2007] . For the further understanding of the origin of the vibration and noise in gear transmission systems, the corresponding periodic motions for such a new model will be investigated herein. Compared to the earliest results, the characteristics of complicated periodic motions can be predicted analytically by the mapping technique.
In this paper, basic mappings will be introduced first from the separation boundaries, and from the basic mappings, the mapping structures will be developed for any specific periodic motion. Further, the analytical prediction of periodic motions pertaining to impacting chatter and stick will be completed, and the corresponding local stability and bifurcation of the periodic motion will be analyzed. The grazing and stick conditions presented in [Luo & O'Connor, 2007] will be employed for the existence of periodic motions. Numerical simulations will be carried out for illustration of periodic motions and stick criteria.
Basic Mappings
For the gear transmission system, equations of motion in the absolute frame are from [Luo & O'Connor, 2007] 
for i = 1, 2 and α = 1, 2, 3 with the following vectors
where
and the superscript "i" represents the ith mass and the subscript "α" represents the α-domain. Similarly, the corresponding equations of motion in the relative frame for i = 1, 2 and α = 1, 2, 3 arė
where i,ī ∈ {1, 2} and i =ī, and the relative vectors are
To investigate periodic impacting chatter with/ without stick in the gear transmission system, the mapping structure will be developed from separation boundaries in [Luo & O'Connor, 2007] . Before the mapping structure for a prescribed impacting chatter motion is developed, the switching planes will be defined first, and from the switching planes, the basic mappings can be developed for the gear transmission system. From discontinuous boundaries in [Luo & O'Connor, 2007] , the switching planes based on the two impacting chatter boundaries are defined as
From now on, x
k ≡ẋ (i) (t k ) on the separation boundary at time t k are switching displacement and velocity in the absolute frame. The switching phase is defined by ϕ k = mod(Ωt k , 2π). In the relative frame, the switching planes are expressed as
The two switching sets are then decomposed as
Based on the above definitions of switching planes, four mappings are defined in the absolute frame as
and in the relative frame, the mappings are also defined as
Among four basic mappings, the two mappings (P 2 and P 4 ) are local and the other two mappings (P 3 and P 6 ) are global. The local mapping will map the motion from a switching plane onto itself. However, the global mapping will map the motion from a switching plane to another one. Such mappings are sketched in Fig. 1 . The corresponding switching planes are labeled. The mappings for the absolute and relative frames are arranged in Figs. 1(a) and 1(b), respectively. On the impacting chatter boundaries, impacts are expressed by thin straight lines with arrows.
To investigate stick motions in the gear transmission system, the switching planes for stick are defined as
for the absolute frame and
for the relative frame. In the relative frame, the switching planes in Eqs. (10) and (13) are almost same. In Eq. (10), the relative velocity is nonzero (i.e.ż (i) k = 0) but in Eq. (13), the relative velocity is zero (i.e.ż (i) k = 0). The two switching planes can be treated as the same for all mappings. Except for two stick mappings (i.e. P 1 and P 4 ), the other mappings are the same as in Eqs. (11) and (12) . From the stick switching planes, the mappings are defined as
With mixed switching planes, six mappings are defined by
Similarly, the mappings based on the relative switching planes can be defined. The mappings relative to the stick switching planes only are sketched in Fig. 2 . In Fig. 2 (a), only two stick mappings (P 1 and P 4 ) are new, and the other four mappings are the same as in Fig. 1 . In the relative frame, the switching planes are points. The stick mapping is very difficult to be illustrated. The other mappings are presented in Figs 
Mappings from stick switching planes: (a) absolute motion and (b) relative motion. For the impacting maps P σ (σ = 2, 3, 5, 6) in the absolute coordinate, y k+1 = P σ y k can be expressed by
From Appendix, the absolute displacement and velocity for two gear oscillators can be obtained with initial conditions (t k , x
The final state for time t k+1 can be given. The switching planes give x
. The four equations of displacement and velocity for two gears give a set of four algebraic equations, i.e.
For the stick motion, the displacement and velocity of the ith-gear will be adopted. In addition, the following equations are used.
With the condition x
, the algebraic equations in Eq. (19) can be obtained. If a mapping only starts or ends at the stick boundary, the corresponding displacement plus the following equation can be employed to obtain Eq. (19).
Based on the relative coordinate (z (i) ,ż (i) ), the relative displacement and velocity can be used with the initial condition (t k , z
k ) on the switching boundary. The displacement and velocity with an initial condition (t k , x
, the relative and absolute displacements and velocities generate a set of four algebraic equations as
In a similar fashion, for stick mapping, we havė
If a mapping only starts or ends at the stick boundary, the relative displacement plus the following equation can be used to obtain Eq. (23).
Finally, from Luo and O'Connor (1), the impact mapping on the impact boundaries is defined as
in the absolute frame and
in the relative frame. The corresponding functions in Eqs. (19) and (23), respectively, are
For simplicity of mapping structures of periodic motions, the impact mapping will be dropped from now on, but the impact relation will be embedded.
Mapping Structures
To investigate periodic motions in such a gear transmission system, the notation for mapping actions of basic mappings is introduced as in [Luo, 2005 [Luo, , 2006 ]
where the mapping P n j (n j ∈ {1, 2, . . . , 6}, j = 1, 2, . . . , k) is defined in the previous section. Consider a generalized mapping structure as
where (k µν ∈ {0, N}, µ = 1, 2, . . . , s, ν = 1, 2, 3, 4). From the generalized mapping structure, consider a simple mapping structure of periodic motions for impacting chatter. For instance, the mapping structure is
where m, n ∈ {0, N}. Such a mapping structure gives (m + 1)-impacts in boundary R ∂Ω
2∞ , which are described by mappings P 2 and P 5 , respectively. Through the global mappings P 3 and P 6 , the impacting chatters on the two boundaries are connected together. Consider a periodic motion of P 65 n 32 m with period T 1 = k 1 T (k 1 ∈ N). If the mapping structure copies itself, the new mapping structure is:
The periodic motion of P (65 n 32 m ) 2 is obtained during a period of 2T 1 . In an alike fashion, such an action of mapping structure continues to copy itself with period-2 l T 1 .
As l → ∞, a chaotic motion relative to mapping structure P 65 n 32 m is formed. The prescribed chaos is generated by period-doubling. However, if the grazing bifurcation occurs, such a mapping structure may not be copied by itself. The new mapping structures are combined by the two different mapping structures. For instance,
Such a gazing bifurcation will cause the discontinuity of periodic motions, and chaotic motions may exist between periodic motions of P 65 n l 32 m l ···65 n 1 32 m 1 and P 65 n l−1 32 m l−1 ···65 n 1 32 m 1 . For low excitation frequency, the impacting chatter accompanying stick motion exists in the gear transmission system. Consider a simple chatter with stick motion with the following mapping structure
From the above mapping structure, m-impacts in the boundary R ∂Ω (i) 2∞ and n-impacts in the boundary L ∂Ω (i) 2∞ , are described by mappings P 2 and P 5 , respectively. In addition, both the mth mapping of P 2 and the nth mapping of P 5 map the impacting boundary to the stick boundary, and the corresponding stick mappings are P 1 and P 4 , respectively. The two global mappings P 3 and P 6 connect the impact and stick boundaries. Similarly, for period-doubling, the mapping structures are given by P (645 n 312 m ) 2 = P 645 n 312 m • P 645 n 312 m , . . .
Due to grazing bifurcation, the mapping structures are:
To help one understand two sorts of mapping structures, the two simple mapping structures are shown in Figs. 4(a) and 4(b) for the impacting chatter with and without stick of two gear systems. Similarly, the other mapping structures can be discussed through the generalized mapping structure in Eq. (32). Further, the periodic and chaotic motions relative to a certain mapping structure can be determined. 
Bifurcation Scenario
Before discussing impacting chatter in the gear transmission system, a bifurcation scenario is presented through the switching displacements, velocities and phases of two gear oscillators. All the numerical computations are completed from the closed-form solutions in Appendix. The parameters (m 1 = 2, m 2 = 1, r 1 = r 2 = 0.6, k 1 = 30, k 2 = 20, Q 0 = 30, d = 1.0 and e = 0.7) are considered. The impacting chatter with and without stick varying with excitation frequency are presented in Figs. 5(a)-5(d). The "C-chatter" and "S-chatter" represent the complicated and simple impacting chatters, respectively. The "Chatter w/stick" denotes the impacting chatter with stick for periodic motions. For high excitation frequency, it is observed that the impacting chatter motion possesses simple mapping structure, and the motion is very simple. The excitation frequency lies in the interval of Ω ∈ (4.159, 16.433) for the simplest, impacting-chatter, periodic motion relative to P 63 . However, the complex, impacting-chatter motion exists for Ω ∈ (1.398, 4.159). For Ω ∈ (0, 1.398), the impacting chatter with stick exists. The details of mapping structures for impacting chatter with stick are tabulated in Table 1 , and the excitation frequency range for impacting chatter is in Table 2 .
Periodic motion and stability
From mapping structures of periodic motions, the switching sets for any periodic motion can be determined through solving a set of nonlinear algebraic equations. Consider a periodic motion of mapping structure P (65 k s4 4 k s3 31 k s2 2 k s1 )···(65 k 14 4 k 13 31 k 12 2 k 11 ) and the following relation holds.
4 ) T is relative to governing equations of mapping P σ (σ ∈ {1, 2, . . . , 6}). The periodicity of the period-1 motion per N -periods requires y k+2s+
Solving Eqs. (41) and (42) generates the switching sets for periodic motions. Once the analytical prediction of any periodic motion is obtained, the corresponding stability and bifurcation analysis can be completed.
The local stability and bifurcation for such a period-1 motion is determined through the corresponding Jacobian matrix of the Poincaré mapping. From Eq. (40), the Jacobian matrix is computed by the chain rule, i.e. DP = DP (65 k n4 4 k n3 31 k n2 2 k n1 )···(65 k 14 4 k 13 31 k 12 2 k 11 )
where The eigenvalues are computed by
Because DP is a 4 × 4 matrix, there are four eigenvalues. If four eigenvalues lie inside the unit circle, then the period-1 motion is stable. If one of them lies outside the unit circle, the periodic motion is unstable. Namely, the stable, periodic motion requires the eigenvalues to be |λ j | < 1 (j = 1, 2, 3, 4).
If the magnitude of one of the eigenvalues is greater than one,
the periodic motion is unstable. For |λ j | < 1 (j = 3, 4) and real λ j (j = 1, 2),
then the saddle-node (SN) bifurcation occurs; (ii) if
then the period-doubling bifurcation occurs.
For |λ j | < 1 (j = 3, 4) and complex λ j (j = 1, 2),
then the Neimark bifurcation occurs.
Using the mapping structure in Eq. (32), all the periodic motions for the entire range of excitation frequency can be determined analytically by the corresponding governing equations similar to Eqs. (42) and (43). The mapping structure gives a set of nonlinear algebraic equations, which Table 2 . The summary of excitation frequency for impacting chatter (m 1 = 2, m 2 = 1, r 1 = r 2 = 0.6, k 1 = 30, k 2 = 20, Q 0 = 35, d = 1.0 and e = 0.7). excitation frequency will not be plotted herein. In four plots, the switching displacement and velocity of the first gear are plotted in Figs. 6(a) and 6(b), and for the second gear, only the switching velocity of the second gear is presented in Fig. 6(c) . At switching points, the switching displacement of the second gear can be obtained from the switching displacement of the first gear, i.e. x (2)
Mapping
The corresponding switching phase is presented in Fig. 6(d) . The switching sets are recorded before impact rather than after impact. The range for the stable, symmetric motion of P 64 2 32 2 is Ω ∈ {(2.457, 2.748), (1, 946, 2.028)}, which is represented by thick curves. The unstable symmetric periodic motion for such a mapping structure lies in Ω ∈ (2.028, 2.457), depicted by the dashed curves. For the same mapping structure, the asymmetric, periodic motion exists in the range of Ω ∈ (2.380, 2.457), and there are two branches of solutions. The two branches of asymmetric solutions are presented through the dotted and thin curves. The saddle-node bifurcation of the symmetric, periodic motion occurs at Ω ≈ 2.457 and 2.748 and the saddle-node bifurcation of the asymmetric periodic motion is Ω ≈ 2.457. Such a saddle-node bifurcation causes the symmetry break of impacting chatter motion. The grazing bifurcations for the symmetric and asymmetric periodic motions are Ω ≈ 2.380 and 1.946. For the grazing periodic motion, the eigenvalues show the two periodic motions are stable, i.e. the eigenavalues of the grazing periodic motion lie in the unit circle. However, the grazing causes the mapping structure to be changed. Thus the motion relative to the old mapping structure disappears. In a similar fashion, all the other periodic motion of impacting chatter can be predicted analytically.
Using the same parameters, the analytical prediction of periodic motions with stick is given herein. The corresponding switching sets varying with excitation frequency are presented in Figs. 7(a)-7(d) for the mapping structure of P 654 m 312 m (m = 24, 25, . . . , 28) . Because the computational time is very consumed, the impacting chatters with stick are predicted only in the range of excitation frequency Ω ∈ (0.455, 1.39859). The stick bifurcation (SB) occurs at Ω ≈ 1.39859. Once the stick motion appears, the impacting chatter with stick for P 645 26 312 26 are in the range of Ω ∈ (1.328, 1.39859) and (0.635, 0.6789). The stick motion of P 654 27 312 27 lies in two regions of Ω ∈ (1.264, 1.328) and (0.680, 0.9068). The stick motion of P 645 28 312 28 is in Ω ∈ (0.9068, 1.264). The stick motions of P 645 25 312 25 and P 645 24 312 24 are in Ω ∈ (0.612, 0.6789) and (0.455, 0.612), respectively. In stick motion computation, the computational criterion (i.e. |ẋ
k | < 10 −6 ) was embedded. If the tolerance is set much smaller, the analytical and numerical predictions cannot be matched sometimes. Such a problem may be caused by the computational error. For a higher accuracy, a better algorithm should be developed. In the other ranges of the stick motion, the analytical prediction can be carried out analytically.
Numerical Simulations
From the analytical prediction, periodic motions for impacting chatter with/without stick will be simulated numerically. All the responses of the first and second gears are represented by the thick and thin curves, respectively. The left and right sides of the second gear are presented by the intermediate thick curves. The switching points before and after impacts are represented by circles. The hollow and gray-filled circles are for the first and second gears, accordingly. The switching points for stick are represented by the large filled circles.
For system parameters (m 1 = 2, m 2 = 1, r 1 = r 2 = 0.6, k 1 = 30, k 2 = 20, Q 0 = 30, d = 1.0 and e = 0.7), consider the excitation frequency Ω = 2.72. The analytical prediction gives the initial condition (i.e. t 0 ≈ 2.0559169, x
(1) 0 ≈ 1.68706528 and y (2) 0 ≈ 4.5219068) for the stable periodic impacting chatter of P 64 2 32 2 . The displacement and velocity timehistories, trajectories of the first and second gears in phase plane are presented in Figs. 8(a)-8(d) . The displacement responses of two gears are presented in Fig. 8(a) . The motion starts at the right side (Rside) of the second gear. The first gear with the second gear has two impacts. Afterwards, the two gears have a free-flying motion. Once the first gear arrives to the left side (L-side) of the second gear, the next two impacts between the two gears occurs. After these two impacts, the two gears have another freeflying motion, and the two gears meet on the right side of the second gear. Such a motion process will repeat and form a periodic motion. Due to impacts between two gears on the left and right sides, the impacting velocities become discontinuous. Thus, the velocity time-histories for two gears are presented in Fig. 8(b) . Such discontinuity is observed at the impact locations. After the right side impact, the first gear velocity is less than the second gear velocity (i.e. y k before and after impacts. To observe the periodic behaviors of the two gears, the trajectories of such a periodic motion in phase plane for the first and second gears are presented in Figs. 8(c) and 8(d), accordingly. The mapping structure of P 64 2 32 2 is observed via the periodic loop. In Fig. 8(d) , the absolute displacement of the central location of the second gear is employed for illustration, instead of the left and right sides of the second gear. However, the left and right tooth locations of 6.0
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-6.0 -3.0 0.0 3.0 6.0 the second gear can be obtained by adding the two offsets.
To understand such impacting chatter in the gear transmission system, the relative force responses should be discussed. After the first rightside impact, to make the repeated impact occur, the relative force should be greater than zero (i.e. g α (t k ) > 0). Since the absolute velocity relation (y
k ) holds just after impact, it means the relative velocity is less than zero (ż
k < 0). Thus, just after the impact, the relative displacement is less than half a gap (i.e. z
To allow the first gear to catch up with the second one, the relative force should be greater than zero (i.e. g α (t k ) > 0) before the next impact. Otherwise, the next impact on the righthand side will not happen. In a similar fashion, just after the first impact on the left-side the relative force should be less than zero (i.e. g (1) α (t k ) < 0) to achieve the second impact. From Figs. 9(a) and 9(b), such a relation is observed. Based on the perspective of the second gear, the relative force criterion of the periodic motion is described through z (2) = x (2) − x (1) = −z (1) , and the relative velocity and force for the second gear should be opposite to the first gear. So the relative force for the second gear is presented in Figs. 9(a) and 9(b) as well.
The impacting chatter with stick in the gear transmission system is very interesting. Such a periodic motion will be discussed through the mapping structure of P 5 25 312 25 64 . The impacting chatter with stick relative to P 5 25 312 25 64 is equivalent to the one relative to P 645 25 312 25 . Just the starting points are from different switching points. As before, the same parameters will be adopted for this illustration with Ω = 0.5. From the analytical prediction, the initial condition is selected from the switching point t 0 ≈ 4.8888960, x From such an initial condition, the stick motion will appear on the left side of the second gear. After the stick vanishes, the first gear moves to the right side of the second gear through the free-flying motion. Because of different velocities of the two gears, the impacting chatter occurs before the stick appears. For this motion, once y
k , the stick motion will be observed. In Fig. 10 , the displacement, velocity and trajectories in phase planes are presented. The shaded area is used for stick motion, and the Letters "L" and "R" represent the left-side and right-side of the second gear, respectively. In Fig. 10(a) , the displacement responses of the two gears are presented. The stick motion on the left and right sides of the second gear are observed. The impacting chatter with 26 impacts on each side is observed. To further confirm the impacts, the velocity responses for the two gears are presented in Fig. 10(b) . For further illustration of the impacting chatter with stick, the trajectories of the first and second gears in phase plane are plotted in Figs. 10(c) and 10(d), respectively.
For a better understanding of impacting chatter with stick, the relative force and jerk for the two gears are illustrated in Fig. 11 
Displacement, x 
0 ≈ 0.5505790, y
0 ≈ 1.68706528 and y
0 ≈ 4.5219068. motion between the two gears was discussed in Fig. 9 . Herein, the discussion focuses on the portion of the stick motion. On the switching boundary with y
α (t k ) < 0) on the right-side for α = 1, 2 and g β (t k ), α, β ∈ {1, 2, 3} and α = β). From Luo and O'Connor [2007] , the onset of the stick motion requires the two forces g 2 (t k ) < 0; and to obtain the stick motion in Ω 3 requires g 2 (t k ) > 0. Such a relative force characteristic is presented in Fig. 11(a) . In Fig. 11(b) , the internal forces in the stick domains for two gears are presented because the internal forces between the two gears only exist for the stick. When the stick motion disappears, the internal forces vanish. In other words, the internal forces are zero at the vanishing of the stick motion. The vanishing condition for stick is g (i) α (t k ) = 0, which is observed in Figs. 11(a) and 11(b) . To correspond to the trajectory in phase plane, the relative force distribution along the displacement of the first gear is shown in Fig. 11(c) . The aforementioned conditions for the onset and vanishing of the stick motion are observed. However, this condition of g (i) α (x (i) α , t) = 0 is a necessary condition. The sufficient condition for the vanishing of the stick motion requires J α (t k ) < 0) on the left side. Therefore, in Fig. 11(d) , the jerk J α (t) < 0 for t > t k + ε, the corresponding relative velocity and acceleration are greater than zero, which leads to the relative displacement satisfying z (1) = x (1) − x (2) < d/2. In other words, the two gears lie in the state of free-flying motion, and the stick disappears. The stick motion disappearance on the left side can be discussed in a similar manner. The jerk condition of J (1) α (t k ) > 0 leads to z (1) = x (1) − x (2) > −d/2. Therefore, the two gears start to be separated from the left side of the second gear, and the stick motion disappears.
Conclusions
In this paper, the analytical prediction of periodic motions relative to the impacting chatter with and without stick in the gear transmission system is completed through the mapping structure. The corresponding local stability and bifurcation analysis are carried out, and the grazing and stick conditions are used for the existence of periodic motions. Numerical simulations are performed to illustrate the periodic motions and stick motion criteria. The prediction of chaotic motions in such a gear system will be discussed in another paper.
